Optimum Equivalence Ratio of Biomass Gasification Process Based on Thermodynamic Equilibrium Model  by Jangsawang, Woranuch et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Organizing Committee of 2015 AEDCEE
doi: 10.1016/j.egypro.2015.11.528 
 Energy Procedia  79 ( 2015 )  520 – 527 
ScienceDirect
 
2015 International Conference on Alternative Energy in Developing Countries and 
Emerging Economies 
Optimum Equivalence Ratio of Biomass Gasification Process 
Based on Thermodynamic Equilibrium Model  
 
Woranuch Jangsawanga*, Krongkaew Laohalidanonda, Somrat Kerdsuwana 
 
aSustainable Energy Research Center,Faculty of  Industrial Technology,Phranakhon Rajabhat University,Bangkok,Thailand.  
bThe Waste Incineration Research Centre, Department of Mechanical and Aerospace Engineering, Faculty of Engineering, 
King Mongkut's University Technology North Bangkok, Bangkok, Thailand 
 
Abstract 
This study provides the optimum equivalence ratio of biomass gasification process based on thermodynamic 
equilibrium model. There are two cases of chemical equilibrium in a gasification process. The first being with excess 
carbon present in the gasification process while the second one possess excess gasifying agent with all the carbon 
completely gasified. The simulation results clearly show that under the certain conditions, there must exist a case 
between these two cases where the carbon is completely gasified without any excess gasifying agent or carbon. This 
point has been determined from the cross over point between CO2 and CO. Moreover, the results show that at higher 
gasifying agent temperatures the trend of CO increases more sharply than that at lower gasifying agent temperatures 
and vice versa for CO2. The optimum equivalence ratio becomes less fuel rich with increase in gasification 
temperatures.  At atmospheric pressures the optimum equivalence ratio was found to be 3.0 for gasification 
temperatures in the range of 600-900 K, while it was 2.0 for gasification temperatures of 1000-1500 K and 1.5 for 
gasification temperatures of 1600-2500 K. 
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1.Introduction 
           Interest in the use of biomass as sustained fuel continues to grow in many countries around the 
world [1]. The reason stems from both environmental concerns and sustainable energy availability and 
recovery. According to the international policies of CO2 reduction, the positive environmental issue of 
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biomass utilization is the zero net production of greenhouse gases. In contrast to fossil fuels, biomass 
does not introduce any new carbon into the environment so that a carbon balance is equilibrated [1].        
           Gasification is thermochemical conversion of solid carbon based material into combustible 
gaseous product using a gasifying agent. The thermochemical conversion changes the chemical structure 
of the biomass using high temperatures. Basically, preheating of gasifying agent is to deliver more 
enthalpy into gasification process, which enhances the thermal decomposition of the gasified solids. The 
gasifying agent allows quick conversion of the feedstock into clean gas through different heterogeneous 
reactions. The gasification process requires some gasifying agent. For example, using oxygen partially 
oxidizes the feedstock, which releases heat as well as the formation of CO, H2 and CH4 from solid carbon 
in the hydrocarbon fuel. The gasifying agents can be air, oxygen, steam or CO2. The gasification product 
contains CO2, CO, H2, CH4, H2O, trace amount of higher hydrocarbons, inert gases present in the 
gasifying agent and various contaminants such as particles, ash and tars. Gasification has several 
advantages over traditional combustion process. It takes place in a low oxygen environment that limits the 
formation of dioxin and large quantities of SOx and NOx. [2]. Gasification is more efficient than 
combustion because exergy losses due to internal thermal energy exchange are reduced from 14-16% to 
5-7% of expended exergy. The losses due to internal thermal energy exchange may be reduced by 
replacing air with oxygen or alternatively by preheating the air. The gas composition evolved from 
biomass gasification strongly depends on the gasification process, the gasifying agent, and the feedstock 
composition. The fraction of different gases could be changed by controlling the gasifying agent 
properties. It is therefore useful to understand the basic issues behind the choice of agent. In the present 
study, oxygen is used as the gasifying agent. The equilibrium modeling is used to predict the performance 
of gasification process under various conditions of gasifying agent. Thermodynamic calculations are 
carried out to determine the equilibrium composition from a gasification system at constant temperature 
and pressure. Equilibrium model can predict thermodynamic limits as a guide to process design, 
evaluation and improvement [3]. Numerical simulations have been conducted using GASEQ equilibrium 
code which uses element potential method to minimize the Gibbs free energy of a system to obtain 
equilibrium composition of the product gas using O2 as the gasifying agent.  The objectives of this paper 
are therefore to analysis the effect of equivalence ratio and gasifying agent temperature on the evolved 
gas composition using oxygen as the gasifying agent. The simulations assist one to determine the 
optimum equivalence ratio at any gasifying agent temperature and provide the optimum operational 
conditions for the process control.  
2.Equilibrium Modeling For Biomass Gasification  
2.1   Equilibrium Models 
        Thermodynamic equilibrium calculations are applied to determine the equilibrium compositions in 
gasification systems at constant temperature and pressure. The method for calculating equilibrium 
calculations at a specified temperature is based on the minimization of Gibbs free energy (NASA 
method). 
        The equilibrium number of moles of species i is xi    (i = 1 to nSp).The Gibbs free energy G of the 
mixture at pressure p is given by: 
                                              
G
RT
x G
RT
x
x
x
x p
i
nSp
i i
i
i
i
i  ¦ 
§
©¨
·
¹¸ ¦1
0
ln ln                              (1) 
522   Woranuch Jangsawang et al. /  Energy Procedia  79 ( 2015 )  520 – 527 
Gi
0  is the molar free energy at 1 atmosphere of species i, 
xi¦  is the total number of moles in the mixture and p is the pressure. 
At equilibrium G/RT is at a minimum, subject to the elemental composition being fixed. 
2.2. Reaction Equilibrium 
       In the present study non-stoichiometric method is used for equilibrium modeling. The advantage of        
non-stoichiometric method over stoichiometric method is that no particular reaction mechanism or 
species are involved. The only inputs are reaction temperature, pressure and an elemental composition of 
the feedstock, which can readily be obtained from ultimate analysis data. This method is particularly 
suitable for unclear reaction mechanisms and feed steam such as biomass whose precise chemical 
conversions are unknown [4]. 
 Cellulose is the most abundant renewable organic molecule in nature and represents the main 
constitutent of wood [2]. Therefore, cellulose, represented by chemical formula of C6H10O5, is used as 
biomass fuel in the present study. Based on the assumption that the gasification product contain CO2, CO, 
H2, CH4, H2O and unburnt carbon, the products from the oxidation of  biomass (pure cellulose) with O2 is 
described from: 
 
C6H10O5  +  x O2             a CO2 + b CO + cCH4   + d H2  +  e H2O +  f C         (2) 
2.3   Equivalence ratio 
       Equivalence ratio is commonly used to indicate quantitatively whether a fuel oxidizer mixture is rich, 
lean or stoichiometric. The equivalence ratio is defined as [5]:  
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     Therefore, for fuel rich mixtures, the ER > 1, and for fuel lean, ER < 1, and for stoichiometric mixture, 
ER =1. 
3. Results and Discussion 
3.1 Effect of Equivalence Ratio on Gasification Product Composition 
Figure 1 shows the gasification product composition against the equivalence ratio. The results show that 
for gasification process, the product composition strongly depends on the amount of oxidizer or referred 
here as equivalence ratio. The gasification products considered here are primarily CO2 and CO. The 
amount of CO2 and CO will be considered as an indicator for the stoichiometry or as set points for 
equivalence ratio. Based on the combustion theory, complete combustion occurs at equivalence ratio of  1 
so that most carbon in the biomass will be oxidized to provide maximum CO2 in the product stream. As 
the amounts of oxygen decreases the fuel-air mixture will become fuel-rich (ER>1) with the result that 
the CO2 will decrease and at the same time the CO will increase. The simulation result shows that there is 
a cross over point between CO2 and CO. This point is so called carbon boundary point where the fuel is 
reacted with exactly enough oxygen so that gasification is completely and solid carbon formation does not 
occur [6] and referred here as the optimum equivalence ratio for the gasification process. As indicated in 
the results that CO2 is produced at the equivalence ratio lower than the cross over point. This implies that 
there is excess gasifying agent present in the gasification process. 
 
 Woranuch Jangsawang et al. /  Energy Procedia  79 ( 2015 )  520 – 527 523
 
 
 
 
 
 
 
       
 
 
 
 
 
 
Fig 1.  Illustration of gasification product against equivalence ratio 
 
3.2 The Optimum Equivalence Ratio  at Various Gasification  Temperatures 
        The simulation results in Figures 2, 3 and 4 show the effect of equivalence ratio at various gasifying 
agent temperatures. The results show that increasing the gasifying agent temperature increases the amount 
of CO and H2. A close examination of the simulation results based on the amount of CO  in the gaseous 
products reveals that the gasifying agent temperature can be characterised into three categories: “low 
temperature range”(600-900K), “moderate temperature range”(1000-1500K), and  “high temperature 
range” (1600 -2500K).  
         The simulation results showed that for case of  lower gasifying agent temperatures, the amounts of 
CO produced slowly increases with decrease in the amount of oxidizer while it sharply increases at higher 
gasification temperatures. Considering the cross over point between CO and CO2 found for the 
temperature range of 600–900 K, the optimum equivalence ratio should be set at around 3.  The results 
imply that at low temperatures, gasification may occur if amount of oxidant is much lower than that 
required for the stoichiometric condition.  
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Fig 2. The optimum equivalence ratio for low   gasifying agent temperature range 
 
     For the moderate temperature range of 1000 – 1500K, the cross over point is found to shift to lower 
equivalence ratios. This implies that at higher gasifying agent temperatures, the reaction is accelerated so 
more oxidizer is required. The cross over point between CO and CO2 found for the temperature range of 
1000–1500 K reveals the optimum equivalence ratio to be around 2.  
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Fig 3.  The optimum equivalence ratio at moderate   gasifying agent temperature range 
 
          For the high temperature range of 1600 – 2500 K, the cross over point is found to shift to even 
lower equivalence ratios. This implies that at higher gasifying agent temperatures, the reaction is 
accelerated so that even more oxidizer is required than that required at lower temperatures. The cross over 
point between CO and CO2 found for the temperature range of 1600–2500 K, reveals optimum 
equivalence ratio to be around 1.5.  
T= 1000 K 
CO 
CH4 
H2 
CO2 
T=1100 K CO 
H2 
H2 
CO2 
CO 
CH4 
T=1500 K 
CO2 
CH4 
526   Woranuch Jangsawang et al. /  Energy Procedia  79 ( 2015 )  520 – 527 
0
0.1
0.2
0.3
0.4
0.5
0.6
1.0 1.3 1.5 2.0 3.0 4.0 5.0 6.0 7.0
G
as
if
ic
at
io
n 
P
ro
du
ct
 (m
ol
/m
ol
)
Equivalence Ratio (Phi)
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
1.0 1.3 1.5 2.0 3.0 4.0 5.0 6.0 7.0
G
as
if
ic
at
io
n 
P
ro
du
ct
 (m
ol
/m
ol
)
Equivalence Ratio (Phi)
 
0
0.1
0.2
0.3
0.4
0.5
0.6
1.0 1.3 1.5 2.0 3.0 4.0 5.0 6.0
G
as
if
ic
at
io
n 
P
ro
du
ct
 (m
ol
/m
ol
)
Equivalence Ratio (Phi)
 
Fig 4.  The optimum equivalence ratio at high gasifying agent temperature range  
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4.  Conclusions 
        The purpose of the gasification process here is to produce a synthesis gas by adjusting the 
equivalence ratio and gasifying agent temperature. These parameters are critical to optimize the process. 
Two distinct cases of chemical equilibrium in gasification process are identified. The first being with 
excess carbon present in the gasification process, while the second encompasses excess gasifying agent 
with all the carbon gasified. A unique case at point between these two cases is identified where the carbon 
is completely gasified without any excess gasifying agent. The optimum gasification point has been 
determined from the cross over point between the evolutionary behaviour of CO2 and CO at various 
gasifying agent temperatures. At atmospheric pressure gasification, the optimum equivalence ratio for the 
temperature range of 600-900 K is found to be 3.0. At increased gasification temperatures of 1000-1500 
K, the optimum equivalence ratio is 2.0 and at gasification temperatures of 1600-2500 K it is 1.5. 
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